Abstract microRNAs (miRNAs) are a key component of gene regulatory networks and have been implicated in the regulation of virtually every biological process found in multicellular eukaryotes. What makes them interesting from a phylogenetic perspective is the high conservation of primary sequence between taxa, their accrual in metazoan genomes through evolutionary time, and the rarity of secondary loss in most metazoan taxa. Despite these properties, the use of miRNAs as phylogenetic markers has not yet been discussed within a clear conceptual framework. Here we highlight five properties of miRNAs that underlie their utility in phylogenetics: 1) The processes of miRNA biogenesis enable the identification of novel miRNAs without prior knowledge of sequence; 2) The continuous addition of miRNA families to metazoan genomes through evolutionary time; 3) The low level of secondary gene loss in most metazoan taxa; 4) The low substitution rate in the mature miRNA sequence; and 5) The small probability of convergent evolution of two miRNAs. Phylogenetic analyses using both Bayesian and parsimony methods on a eumetazoan miRNA data set highlight the potential of miRNAs to become an invaluable new tool, especially when used as an additional line of evidence, to resolve previously intractable nodes within the tree of life.
Resolving the tree of life has been a focal ambition of the Life Sciences since the conception of evolutionary theory. This phylogenetic footprint has been sought in multifarious comparative data, from embryology to anatomy, from physiology to the fossil record. However, it was the advent of molecular phylogenetics that provided a more objective means of inferring the evolutionary history of living organisms. The rise of rapid sequencing technologies has allowed the generation of phylogenomic data sets comprising 100s to 10,000s of aligned genes (Hejnol et al. 2009; Hallström and Janke 2010) . However, it is clear that currently our ability to generate phylogenomic data is advancing at a faster rate than the computational and methodological tools needed to analyze them. Thus, the largest phylogenomic data sets must be analyzed with computationally efficient but suboptimal models, diminishing or even eliminating any advantage afforded by the additional data (Philippe, Brinkmann, Lavrov, et al. 2011) . Hence there has been significant interest in and utilization of large-scale mutations (above the level of single nucleotide substitutions) as phylogenetic markers (Rokas and Holland 2000; Telford and Copley 2011) . Classical Rare Genomic Changes (RGCs) include retroposon integrations (SINES and LINES), insertion-deletion events, signature sequences, mtDNA genetic code variants, nuclear DNA genetic code variants, gene rearrangements in mitochondrial and chloroplast genomes, gene order, gene duplications, and chromosomal rearrangements. Here we seek to establish the case for microRNAs (miRNAs) as a new class of RGCs that has already been influential in addressing difficult phylogenetic debates (table 1) .
microRNAs-The Nature of the Beast
The mature miRNA (see Bartel 2009 and Berezikov 2011 for reviews) is a small,~22 nucleotide noncoding gene which negatively regulates the translation of protein-coding gene(s), usually by binding with imperfect complementarity to sites in the 3 0 untranslated regions (UTRs) of the messenger RNAs (mRNAs), and thereby subjecting the transcript to cleavage or to blockage of its translation. miRNAs are generally transcribed from either intergenic regions or from introns ß The Author 2013. Published by Oxford University Press on behalf of the Society for Molecular Biology and Evolution. All rights reserved. For permissions, please e-mail: journals.permissions@oup.com as a long primary transcript (pri-miRNA) that then folds into a characteristic hairpin-like structure, which is recognized by the microprocessor-enzyme complex involving the proteins Drosha and Pasha (see Krol et al. 2010 and Starega-Roslan et al. 2011 for recent reviews). The microprocessor then cleaves the pri-miRNA into a~70 nucleotide precursor miRNA (pre-miRNA) ( fig. 1 ). This pre-miRNA is exported to the cytoplasm, where it is further processed by the RNAseIII enzyme Dicer to form a~22 nucleotide RNA duplex with 2 nucleotide overhangs at each 3 0 -end. The duplex separates subsequently into two distinct strands, representing the 5 0 and 3 0 arms ( fig. 1 ). While either product can be loaded into an Argonaute (AGO)-containing protein complex (Hui et al 2013) , there is usually a preference for one arm, often termed the mature, which then regulates target mRNAs (reviewed by Huntzinger and Izaurralde 2011) ; the opposing arm is termed the star sequence.
miRNAs are named in sequential order of discovery, with identical or near-identical mature sequences in the same or different organisms given the same number (Ambros et al. 2003) . miRNAs given different numbers have different primary sequences and are assumed to have evolved independently of other prior-named miRNAs, whereas those that are given the same number are either orthologues or paralogues within the same miRNA family, such as human miR-1, for which two paralogues exist ( fig. 1) . In some cases, misnumberings have occurred, resulting in the annotation of members of the same family with different numbers. For example, the mature sequences from the first four miRNA families named in Drosophila show that each of these families consists of unique mature sequences with respect to the other families and, thus, share little similarity in their primary sequences ( fig. 2A) . However, the two miR-2 sequences and the miR-13 sequence are evidently all members of the same miRNA gene family given that they share the same seed (nucleotide positions 2-8) and 3 0 complementarity (positions 14-16) as miR-2 (Marco et al. 2012 ). Indeed, the seed and the 3 0 -complimentary motifs are the two most highly conserved FIG. 1. Alignment and secondary structure of representative sequences of miR-1. The precursor sequences of miR-1 from Homo sapiens (Hsa), the lancelet Branchiostoma floridae (Bfl), the hemichordate Saccoglossus kowalevskii (Sko), the sea urchin Strongylocentrotus purpuratus (Spu), the fruit fly Drosophila melanogaster (Dme), the water flea Daphnia pulex (Dpu), the deer tick Ixodes scapularis (Isc), the limpet Lottia gigantea (Lgi), and the polychaete worm Capitella teleta (Cte), as well as the reported mature (3p) and star (5p) reads from Drosophila melanogaster (Dme), were aligned using the default settings of ClustalW (MacVector v.9.5.2) . Note the conservation of the mature (red) and star (blue) regions of the sequence. Shown below the alignment are the secondary structures of two of these sequences, H. sapiens (left) and D. melanogaster (right). regions of mature sequences ) because they are the most critical for target recognition (Grimson et al. 2007 ). The grouping of miRNAs into coherent families based on evolutionary descent is fundamental to their utility as phylogenetic markers, as each family represents the birth of a single gene independent of all other pre-existing miRNAs, similar to other types of genes such as transcription factor (Hox, Fox, T-box) or signaling ligand (Wnt, hedgehog, TGF-beta) families.
The Use of miRNAs as Phylogenetic Characters miRNAs possess five properties that make them distinct from protein-coding genes, enhancing their utility as phylogenetic markers.
Processes of miRNA Biogenesis Enable the Identification of Novel miRNAs without Prior Knowledge of Sequence Metazoan miRNAs are defined by their canonical secondary structures, which are the result of complementarity between the two arms within~70 nucleotides of sequence ( fig. 1 and  supplementary fig. S1 , Supplementary Material online). No specific sequence motif has been associated with miRNAs (Berezikov et al. 2006) aside from a propensity for the mature miRNA sequence to begin with a uracil (Lau et al. 2001) . Rather, miRNAs are defined by their secondary structure, which require only~16 bp of complementarity between the two arms, not any particular nucleotide sequence. Consequently, the cloning and sequencing of mature gene products does not require any information about the sequence itself either. This is exemplified in figure 3 , which characterizes the pipeline of miRNA discovery programs such as miRMiner ), miRDeep2 (Friedländer et al. 2011), mirDeep-P (Yang and , miRtools (Zhu et al. 2010) , MIREAP (Chen et al. 2009 ), and miRExpress ). Of the four RNA sequences from a small RNA library made from the total RNA of a guinea pig, Cavia porcellus, one is the orthologous sequence of miR1a (candidate 2), whereas the other three are unique sequences. Using a series of established criteria (see fig. 3 ), a second sequence appears to be a novel miRNA (candidate 3), whereas the other two are not miRNAs (candidates 1 and 4). Thus, miRNA discovery from deep sequencing does not rely on primary sequence data, but on a series of established criteria based on secondary structure and processing (Ambros et al. 2003; Meyers et al. 2008; Kozomara and Griffiths-Jones 2011; Tarver et al. 2012 ). Sequence similarity is only relevant for annotation when a new member of a known family is identified (whether it is an orthologue in a different species or a paralogue in the same species).
Continuous Addition of miRNA Families to Metazoan Genomes
Each of the first four miRNA families that were identified in Drosophila ( fig. 2B ) characterizes a different monophyletic Representative examples of miR-1, miR-2, miR-3, and miR-5 aligned and analyzed phylogenetically (NJ tree using 1000 bootstrap replications; MacVector v.9.5.2). Note the clear monophyly of each named family, with the inclusion of paralogues from similarly named (e.g., miR-2 b-1) and differently named miRNA families (e.g., miR-13a) into their respective (in this case the miR-2) families. (B) Each of these four families characterize a particular node on the metazoan tree (see fig. 4 ) with no known subsequent losses: miR-1 is one of 31 families that characterize Bilateria (i.e., Protostomia + Deuterostomia); miR-2 is one of 12 families that characterizes Protostomia; miR-3 is one of 7 families that characterize Pancrustacea; and miR-5 is one of 10 families that characterizes the genus Drosophila. Nve, Nematostella vectensis; Dgr, Drosophila grimshawi; see figure 1 for other taxon abbreviations.
FIG.
3. An idealized protocol for identifying and validating miRNAs. Total RNA is extracted from the taxon of interest (here the guinea pig Cavia porcellus) and was sequenced using the Illumina Platform, generating thousands of candidate miRNAs, of which four are shown here. Reads are first mapped to the genome where an~80 bp fragment from both upstream and downstream of the candidate miRNA is taken and folded using a program such as Mfold (Zuker 2003) to asses the folding properties of the candidate pre-miRNA using established criteria (Ambros et al. 2003; Tarver et al. 2012) , which includes at least 16 bp complementary base pairing between the candidate miRNA and the opposing arm, and the absence of internal secondary group within Metazoa, proceeding in the order of their discovery, from Bilateria through Protostomia, Pancrustacea, and to Drosophila. The timing of their discovery was serendipitous, but it evidenced their gradual accrual through animal evolutionary history and, therefore, their potential as phylogenetic markers (Hertel et al. 2006; Sempere et al. 2006; Prochnik et al. 2007 ). Indeed, almost every clade investigated so far is characterized by the origin of at least one miRNA family ( fig. 4 ). The utility of RGCs as phylogenetic markers relies on a rate of evolutionary origin, one that is quick enough to capture closely related speciation events. De novo noncoding RNA genes such as miRNAs appear to originate at a greater rate than de novo protein coding genes (Wu and Zhang 2013) , thus providing greater opportunity for the use of miRNAs in phylogenetics. However, different evolutionary lineages exhibit evidence of vastly different rates of miRNA innovation and, thus, the phylogenetic utility of miRNAs may vary depending on the clade. For example, starting from the last common ancestor of Eumetazoa, 23 miRNA families were acquired in the lineage leading to the cnidarian Nematostella vectensis, in comparison to the 148 and 399 miRNA families acquired in the lineages leading to Drosophila melanogaster and Homo sapiens, respectively ( fig. 4 and table 2).
Low Levels of Secondary Gene Loss miRNAs, like all other phylogenetic markers, both molecular and morphological, exhibit evidence of loss, and if the rates of loss are high enough, any phylogenetic signal can be obscured. However, while all but one node in animal phylogeny presented in figure 4 is characterized by the gain of at least one miRNA family, the pattern of loss of these families is radically different. Seventeen nodes within the examined metazoan phylogeny ( fig. 4 ) exhibit no loss of miRNA families, whereas overall there are 136 losses (red) compared with 1,047 gains (blue), a ratio of 1 loss for nearly 8 gains (table 2) . Like gains, these losses are not evenly distributed across the phylogeny, with many metazoan taxa (e.g., polychaete annelids, gastropod molluscs, and cephalochordates) losing at most only a couple of miRNA families over their entire evolutionary history. When losses do occur, they have been observed to follow one of two patterns. The typical pattern is to see losses that are mosaic in nature with no systematic trends within clades, although certain miRNAs tend to be lost more than others. Indeed, nearly one-third of the losses shown in figure 4 involve just eight miRNA families: miR-22 (six losses); miR-33 (five losses); miR-76 (six losses); miR-193 (five losses); 219 (seven losses); miR-315 (seven losses), miR-1993 (six losses), and miR-2001 (five losses).
The second pattern is of clade-specific losses that are usually associated with taxa including nematodes ) and acoels that appear to be secondarily miniaturized (Budd and Jensen 2000) and associated with the loss of primitive structures and cells types. Indeed, with respect to acoels, recent phylogenetic analyses identify them as deuterostomes (Philippe, Brinkmann, Copley, et al. 2011 ) and, along with Xenoturbella, a likely sister clade to Ambulacraria (i.e., echinoderms and hemichordates). As such, xenacoelomorphs should possess at least 32 miRNA families characteristic of a heritage shared with ambulacrarians. Although xenacoelomorphs demonstrate evidence of this shared heritage through the possession of the deuterostome miRNA family miR-103, they have otherwise lost many of those families that would have been primitively present as collectively they lost 10 miRNA families; the two acoel taxa Symsagittifera and Hofstenia lost an additional eight miRNA families, and even Symsagittifera has lost an additional seven families since splitting from Hofstenia. This large-scale loss of miRNA families cannot be rationalized by reinterpreting these organisms as the sister group of Bilateria (Philippe, Brinkmann, Copley, et al. 2011) , but instead seems to be associated with considerable simplification of the xenacoelomorph bauplan (Erwin et al. 2011; Philippe, Brinkmann, Copley, et al. 2011) .
A critical distinction that needs to be made when considering losses of miRNA families is the one between secondary absence and apparent absence as a consequence of incomplete genome and/or small RNA sequencing. The most effective way to characterize the miRNA repertoire of any taxon is to combine small RNA sequencing with genomic screening, as few genomes are completely sequenced, and not all miRNAs are expressed in all tissues at all times. However, in several cases miRNA repertoires have been reconstructed solely from genomic screening, but this can be problematic as an accurate assessment of the organism's conserved miRNA repertoire is dependent directly on the amount of genomic coveragegenomes sequenced at low coverage would be expected to be FIG. 3 . Continued structure. Using such criteria, candidate 4 is rejected as a potential miRNA because it contains internal secondary structure-all other candidate miRNAs form acceptable hairpin loops and are still considered potential miRNAs at this point. Once the putative precursor structures have been identified, all reads generated from the deep sequencing libraries are mapped to the precursor sequences to assess the 5 0 homogeneity of the candidate miRNAs. Although not originally identified as a criterion for miRNA annotation (Ambros et al. 2003) , the current use of deep sequencing technologies allows it to be an invaluable tool to distinguish miRNAs from siRNAs and other types of noncoding RNAs Tarver et al. 2012) as miRNAs have 5 0 -ends with high level of homogeneity, often with the same start nucleotide accounting for >90% of all reads, whereas siRNAs have no consistent 5 0 -end. Using this criterion, candidates 2 and 3 are potential miRNAs, but candidate 1 is rejected. Although not essential when identifying orthologous miRNAs a key criteria for establishing novel miRNAs is the presence of reads from both the 5 0 and 3 0 arms (often referred to as the mature and star sequences). Ideally such sequences should show a two-nucleotide offset, resulting from the sequential RNAse III processing. Both candidate miRNAs express both arms with the requisite offset, and are thus considered bona fide miRNAs and deposited in miRBase as Cpo-miR-1a (an orthologue of miR-1a) and Cpo-Novel-1, a previously unidentified miRNA as yet only known in the guinea pig, where miRBase will provide a formal name in due course. missing many more miRNAs than highly sequenced genomes. Indeed, this is what we encountered when we compared 10 mammalian species representing three different levels of genome coverage to assess real versus perceived absence due to incomplete genome sampling: complete coverage (human); high (~6-7Â) coverage (macaque, marmoset, dog, horse, and rabbit); and low (~1.5-2Â) coverage (pika, kangaroo rat, cat, and sloth) (supplementary fig. S2 , Supplementary Material online). When considering only the presence of miRNA families reconstructed as present in the last common ancestor of all crown eutherian mammals (to avoid the obfuscating gain and loss of lineage-specific miRNAs within Eutheria), only five miRNA families are missing in the human, representing a lineage-specific loss of 2.6%. These losses are probably real given the depth of genome coverage, the amount of deep sequencing studies that have been done in human, and the fact that these loci are also not found in the genomes of other primates including Macaca (fig. 4) . The high-coverage genomes (approximately 7Â coverage) had an average of 5.8 (3.0%) families missing, which is effectively comparable to the results from complete coverage. In contrast though, the low-coverage genomes (approximately 2Â coverage) were missing an average of 37.25 (19.3%) families, the majority of which are likely false negatives. Such artefacts can, of course, be rectified, through further sequencing of the genome, combined with small RNA sequencing, keeping in mind though that the required depth of sequencing will vary with the sequencing strategy used-all taxa here were analyzed by large-scale consortia using a combination of platforms, including BAC cloning, and thus 6-7Â coverage for these taxa will produce genomes that are more complete than if generated using 6Â coverage from only an Illumina platform.
Thus, miRNAs, unlike retroposons, are not lost at an increasing rate with time, but are instead largely retained in most, and sometimes in all, descendant lineages ( fig. 4) , as might be expected of functional elements within gene regulatory networks (Sumazin et al. 2011 ). The evidential FIG. 4 . The acquisition (blue) and loss (red) of miRNA families for 48 metazoan taxa. Note that almost every node is characterized by the addition of at least one new miRNA family, and that high rates of secondary loss are only associated with morphologically secondarily simplified taxa like nematodes and the flatworm Schmidtea. Further, there are four instances of a relatively high rate of miRNA family acquisition, once at the base of Bilateria, once at the base of the vertebrates, once at the base of Eutheria, and once at the base of the primates. See table 2 for the explicit gains and losses of miRNAs for each node. 12: 1987 12: , 1995 12: , 1996 12: , 1997 12: , 1998 12: , 1999 12: , 2000 12: , 2685 12: , 2688 12: , 2689 12: , 2691 12: , 2692 12: 0 Mollusca 4: 1984 12: , 1985 12: , 1986 (290, 291, 292, 293, 294, 295, 302, 371, 372, 373, 427, 430, 515, 516, 517, 518, 519, 520, 521, 522, 523, 524, 525, 526, 527, 1283) (201, 463, 465, 470, 471, 506, 507, 508, 509, 510, 513, 514, 547, 741, 742, 743, 871, 878, 880, 881, 883, 888, 890, 892, 3551, 3585), 541, (542, 3601[as] ), 544, 574, 582, 592, 615, 628, 652, 653, 654, 670, 672 d , 675, 676, 744, 767, 769, 872, 874, 876, 889, 1193, 1247, 1249, 1271, 1296, 1298, 1301, 1307, 1343 g , 1468, 1839, 1842, 1912, 2114, 2355, 2387, 2483, 3059, 3085 344, 351, 434, 540, 667, 673, 674, 879, 1188 , 3072, 3075, 3099, 3109, 3112, 3572, 5103 15: 197, 432, 454, 769, 885, 889, 1296 , 1307 , 1343 , 1388 , 1468 , 1842 , 2114 , 2355 , 2387 Simiiformes 44: 512, 550, 552, 557, 562, 576, 577, 580, 581, 584 i , 586, 587, 589 j , 600, 601, 605, 609, 612, 616, 618, 642, 887, 891, 934, 937, 939, 940, 942, 944, 1180 , 1182 , 1230 , 1253 , 1256 , 1262 , 1269 , 1278 , 1293 , 1323 , 1915 , 2117 , 3672, 3937, 4423 3: 1388 , 1842 , 3106 Catarrhini 7: 625, 627, 1245 Families are designated parenthetically and are underlined; family names are given in italics. In some cases, the same gene is given at least two different names (e.g., miR-22 = miR-745 = miR-980), whereas in other cases there were gene duplications generating at least two copies of the gene in an individual taxon's genome (e.g., miR-10 family, miR-252 family, miR-96 family). Families were derived from miRBase v. 19. Every entry was checked for validity using standard criteria (e.g., Tarver et al. 2012 ) and only those showing positive evidence for miRNA processing and expression were counted as valid. Rarity of Substitutions to the Mature miRNA Sequence
In addition to this order of magnitude difference between miRNA gains versus losses, miRNAs are some of the most conserved genetic elements in the genome (Sempere et al. 2006) . Wheeler et al. (2009) analyzed 16,525 nucleotides from the mature miRNA sequences from 14 metazoan taxa and showed that the substitution rate of all miRNAs across these 14 taxa, whose lineages represent over 7800 million years of independent evolutionary history, is only 3.4% (567 total substitutions). In comparison 18S rDNA, one of the most conserved genes in the metazoan genome, has a substitution rate of 7.3% even when the unalignable regions are ignored ). Hence, the primary nucleotide sequence of the mature miRNA gene product evolves more than twice as slowly as the most conserved positions of a gene that has long been used to reconstruct the deepest nodes in the tree of life.
The result of such slow sequence divergence means that the mature miRNA product can be identified easily when analyzing small RNA sequence data or when BLAST searching against an animal's genome. Even in taxa with high levels of loss, the remaining miRNAs still show relatively high levels of sequence conservation, allowing for the remaining miRNA repertoire to be discovered easily in both a small RNA library and genomic sequence.
Small Probability of the Independent Evolution of the Same miRNA Rokas and Holland (2000) argued that RGCs have the distinct advantage over other types of molecular data in that independent RGCs can be distinguished easily from one another, which reduces dramatically errors caused by misinterpretations of homology. Although it has been argued previously that the statistical chance of two miRNAs evolving convergently is exceedingly small ), this remains a major concern, given that the mature gene product (~22 nt in length) is so short. However, there is more to a miRNA than its mature sequence. The entire pre-miRNA must also fold into a hairpin with no large, and in particular asymmetrical, internal loops or bulges (see fig. 3 , candidate 4). It must have a free energy value lower than approximately À19 kcal/mole, the result of the complementarity between the 5 0 and 3 0 arms, and this complementarity must occur within about 70-100 nucleotides of primary DNA sequence ( figs. 1-3 ). In addition, the source arm of the mature miRNA sequence (i.e., whether it is on the 5 0 arm or the 3 0 arm) must be conserved, and any predicted mature gene must be processed, generating the expected read data from a small RNA library. All of these factors are standard annotating criteria for the identification of miRNAs (Ambros et al. 2003; Kozomara and Griffiths-Jones 2011; Tarver et al. 2012) .
Exceptions to such rules have been suggested. For example, Li et al. (2010) took 3,861 miRNA sequences downloaded from miRBase (v. 13.0) and searched against the repeatmasked genome sequences of 56 animal species, purportedly identifying 300 miRNAs in taxa not known (or predicted) to possess these miRNAs. For instance, miR-430 is known currently only from vertebrates, but Li et al. (2010) reported a miR-430 orthologue in the mosquito Anopheles (but not in any other non-vertebrate animal including other dipterans) ( fig. 5, "a") . Similarly, these same authors reported the protostome-specific miR-317 family in Macaca but not in any other deuterostome including human ( fig. 5, "b") . These results might suggest much higher levels of homoplasy than have been observed previously, either through convergent evolution and/or horizontal gene transfer (HGT) and which if substantiated would nullify the use of miRNAs in phylogenetics.
To investigate this we reanalyzed each of their reported occurrences in 27 different animal species (for a total of over 28 billion sequenced nucleotides) using the criteria established by Ambros et al. (2003; see also Tarver et al. 2012) for identifying miRNAs. We found that every phylogenetically discordant claim was a false-positive result ( fig. 5 ; data available upon request), arising because the putative miRNA precursor structure had 1) a putative mature sequence located on the wrong arm ( fig. 5; green) , and/or 2) a structure not meeting minimal free energy values ( fig. 5; blue) , and/or 3) internal secondary structure ( fig. 5; red) , and/or 4) a putative mature sequence that was not expressed in small RNA libraries ( fig. 5; orange) . Thus, despite the comprehensive nature of the bioinformatic survey of miRNAs in which Li et al. (2010) identified putative candidates through genomic homology searches, not a single instance of convergent evolution could be documented despite searching a total of more than 28 billion sequenced nucleotides over the taxonomic breadth of bilaterian evolution.
miRNAs and Phylogenetics
Because miRNA families have an evolutionary origin that is independent of one another, they should be treated as discrete characters within phylogenetic analyses. Such presence/ absence data can be coded in a manner similar to morphological or other genome-content data (Rivera and Lake 2004) and analyzed phylogentically using the standard models of discrete character evolution. Further, given the pattern of miRNA families gains and losses that emerge from the observation of the distribution of the known miRNAs across the Metazoa, it follows that miRNA data seem to evolve under Dollo's law.
Although pairwise distance measures could be used, we chose to focus on parsimony and Bayesian phylogenetic analyses using Dollo parsimony and the stochastic Dollo model (Alekseyenko et al. 2008) , respectively, using a data set comprising 29 taxa and 565 characters (343 parsimony informative, supplementary file S3, Supplementary Material online). Parsimony analyses were performed using PAUP* 4.0 (using the Dollo up criterion) with all characters being unordered and having equal weight. The analyses were performed using the branch and bound algorithm, and the results obtained are thus exact rather than heuristic ( fig. 6A ). For the sake of convention, support was estimated using the bootstrap (1,000 repetitions), although this is not the optimal mode of estimating support as support for individual nodes would not be expected to be spread homogenously though the data set. The resulting phylogeny is congruent with contemporary phylogenies based on traditional molecular data, although some nodes have low bootstrap support values. The Bayesian analysis was performed using BEAST version 1.6.2 (Drummond and Rambaut 2007) . Two independent chains of 100 million generations were run sampling every 100 generations. Convergence was tested using Tracer and a majority rule consensus tree was built after excluding trees sampled before convergence (i.e., during the burnin period). Support for the nodes in the tree represents posterior probabilities. The resulting tree ( fig. 6B ) is fully congruent with that obtained from the Dollo parsimony analysis, but support values are higher with posterior probabilities of 1 on all but one of the nodes. The key difference between the two trees FIG. 5. The hierarchical evolution of metazoan miRNAs with no known incidences of convergent evolution. Shown across the top are 27 animal species that have had their miRNA complements ascertained with genomic screens and small RNA libraries. Shown in black are the known occurrences of 389 miRNA families in these 27 species. Note the strong hierarchical clustering, consistent with the documented pattern of continued acquisition with little secondary loss (fig. 4) . Shown in color are the purported occurrences of these miRNAs in these taxa according to Li et al. (2010) who used a bioinformatic approach to identify miRNAs in animals with sequenced genomes (available on request). On closer inspection though none of these represent bona fide miRNAs as they fail to meet established standards for miRNA structure and expression because they 1) have the mature sequence on the wrong arm (green); 2) do not meet minimum free energy values for precursor structure and/or have <16 nucleotides base pairing between the mature (shown in red) and the star (blue); 3) have internal secondary structure in the precursor (red; see arrow); and/or 4) are not expressed in small RNA preparations (orange). Note that most of these putative miRNAs fail multiple criteria (and indeed none are known to be expressed in the purported taxon where deep sequencing has been done). The two purported occurrences labeled "a" and "b" are the purported occurrence of the vertebrate-specific miR-430 in the mosquito Anopheles and protostome-specific miR-317 in the primate Macaca, respectively (see text for details).
is the level of support with the parsimony tree exhibiting far lower levels of (bootstrap) support. Nodes within the Bayesian tree such as the Apis/Nasonia split have a posterior probability of 1, whereas in the parsimony tree it had a bootstrap support value of 68%. Even though posterior probabilities are expected to exceed the corresponding bootstrap values, this discrepancy also occurs because nodes in the phylogeny are characterized by variable numbers of acquired miRNAs. Nodes supported by few miRNAs are less likely to have high bootstrap support values, because the characters supporting them will be less likely to be present in the resampled data sets. This is not expected to be a problem for standard sequence data where the signal for each node is expected to be abundant (if the data are adequate to answer the question at hand) and quite homogeneously distributed across the sites. Yet, miRNAs are rare genomic changes, which, by definition, are not expected to be abundant nor homogeneously distributed. Accordingly, we suggest that bootstrap might not be an ideal support measure for miRNA data sets. Indeed, alternative statistical measures to support the significance provided by LINEs and SINEs were introduced by Waddell et al. (2001) and here we suggest that Bayesian posterior probabilities, which are not based on character resampling, should be preferred to measure the support provided by miRNA data sets.
Future Directions
To date, the use of miRNAs in phylogenetics has been limited to the use of presence/absence data of individual miRNA families. However, with changes in both small RNA and genomic sequencing platforms, there are opportunities to expand and refine the use of miRNAs in phylogenetics. Two principal areas for future research include 1) the use of individual miRNAs rather than families and 2) the development of model-based approaches to miRNA phylogenetics.
Use of Individual miRNA Genes
The low rate of loss of miRNA families in comparison to individual miRNA genes has led to their preferential use in phylogenetics due to concerns about homoplasy. However, next-generation sequencing has led to increases in sequencing read counts from the hundreds of thousands to the hundreds of millions, allowing the identification of individual lowly expressed miRNA genes, which would have been missed using older sequencing technologies. Furthermore, the plummeting cost of genome sequencing means that it has become economically viable to sequence the genome in conjunction with the small RNA read data, allowing the identification of individual paralogues.
However, before individual miRNA genes can be used, the classification of miRNA genes into families must be refined.
FIG. 6.
The maximum parsimony tree generated using PAUP (A) and the Bayesian tree generated using BEAST (B) for the miRNA data set (supplementary file S3, Supplementary Material online). The two trees are in full agreement with one another, although support values differ between the two methods with the Bayesian tree appearing to have greater levels of support with only one node having a posterior probability <1. This discrepancy occurs due to the way support values are calculated: when bootstrapping the dataset individual characters are resampled and so nodes that are supported by only a few characters will have low bootstrap support values. However, because there is very little homoplasy in the data set, the same phylogeny will almost always be returned even for nodes supported by relatively few characters, and hence the 100% posterior probability values in the Bayesian analysis.
Individual families should represent fundamental units of innovation in miRNA evolution-any miRNAs that share ancestry should be classified within the same family, regardless of whether they originated as a consequence of whole genome, chromosomal, segmental, or merely tandem duplication, and irrespective of any particular difference in nucleotide sequence, including changes to the seed sequence. This will require revision of existing miRNA annotation. Specific algorithms are being developed for the identification and grouping of individual miRNAs into distinct families (Huang and Gu 2007) , and these should be refined and implemented to revise the taxonomy and ontology so that gene orthology is clear.
In conjunction with the presence/absence of families, previous studies have employed individual point mutations on the mature miRNA products as further evidence of phylogenetic relationships (Heimberg et al. 2010 ). This has led to the suggestion that the individual sequences of miRNA genes themselves could be used in phylogenetic analysis. Although accurate phylogenies can be resolved using small numbers of taxa in such a manner, the small number of phylogenetically informative sites (~70 nt per miRNA) means that a large number of taxa will saturate the data and remove any phylogenetic signal. Thus, sequence-based analyses are most applicable to the identification of gene (or whole genome) duplication events and may prove particularly informative in polyploid taxa such as plants. Alternatively, the number of phylogenetically informative sites could be increased by concatenating individual miRNAs into larger alignments. However, care would be needed in correctly identifying paralogy groups, again highlighting the need for a coherent scheme of ontology for miRNAs. Future increases in the number of annotated genomes with high-quality synteny maps will facilitate more accurate identification of gene orthology than simple homology searches, making a concatenation approach more feasible. Syntenic information will also provide critical information for the classification of both miRNA families and individual paralogous genes.
Developing New Phylogenetic Models
Currently, miRNA data are analyzed under a Dollo model using either parsimony or Bayesian approaches ( fig. 6 ), but there is scope for alternate models to be developed. Differential weighting strategies could be used to reflect the varying likelihood of gene loss, such that a loss of an entire miRNA family is considered more unlikely than the loss of individual miRNA genes. Furthermore, some miRNAs exhibit empirical evidence of a greater likelihood of evolutionary loss, such as miR-315, which could also be incorporated into the model. Such a modelling approach could also be applied to the individual sequence data in a manner that would accommodate different likelihoods of substitution rate in the different structural elements of a presequence. Thus, a weighting strategy which ranks the mature > star > loop (see fig. 1 ) could be used, reflecting the differential likelihood of substitutions within the different regions of the pre-miRNA.
Conclusions miRNAs have the potential to become an invaluable resource for phylogenetic analyses, especially when used as an additional line of evidence, separate from either protein coding genes or morphological data sets. They have been utilized to resolve previously intractable phylogenetic debates within the tree of life, whether at the species or the phyla level (table 1) . Every phylogenetic method and data set exhibits some level of homoplasy, and miRNAs are no exception. However, the level of homoplasy observed in miRNA data seems lower than many other class of phylogenetic data, with few losses and no known instances of convergence between miRNAs.
Furthermore, miRNAs are an ideal complement to data sets comprising protein-coding genes, entire genomes, or morphological characters, allowing researchers to use congruence (Miyamoto and Fitch 1995; Pisani et al. 2007; Leigh et al. 2008) , between different data sets, which can now include miRNAs, to assess support for competing topologies (Heimberg et al. 2010; Campbell et al. 2011; Wiegmann et al. 2011) . The decreasing cost of sequencing means that miRNA library construction and sequencing are becoming more viable for smaller grants, whereas the minimal computational power means that the phylogenetic analyses can be done quickly and efficiently without the prolonged use of supercomputers, which is necessary for phylogenomic-scale analyses.
Supplementary Material
Supplementary figures S1 and S2 and file S3 are available at Molecular Biology and Evolution online (http://www.mbe. oxfordjournals.org/).
